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1. Introduction {#sec1}
===============

Interactions between forest communities and ecosystems are reflected in species richness and abundance patterns ([@bib34]). Distribution patterns of species richness and abundance are representative of community biodiversity and the structural characteristics and organization patterns of communities, which are important considerations in community ecology research ([@bib12]). Biodiversity has been shown to exert significant positive effects on ecosystem productivity. Species richness and abundance estimates vary significantly at different spatial scales, likely due to scale-dependent changes in ecological processes ([@bib4], [@bib15], [@bib8]).

Although many theories have been proposed to explain variation in species diversity and species richness distribution patterns at different spatial scales ([@bib29], [@bib9], [@bib2]), it is still difficult to quantify their relative application. Many studies have found that neutral theory or niche theory best explains species richness and abundance patterns ([@bib23], [@bib32], [@bib16], [@bib5], [@bib18], [@bib19]). Neutral theory proposes that the niche of each individual is equivalent ([@bib16], [@bib5]), and has a certain scale effect. However, the simplicity of the neutral theory (e.g. the symmetric assumption) makes it vulnerable to criticism because it commonly contradicts reality ([@bib21]). Niche theory proposes that niche differentiation, which is affected by available resources and environmental factors, is a necessary condition for species coexistence ([@bib5]). A current goal of ecological studies is to reconcile neutral and niche theories by either incorporating neutral theory drift into niche theory or niche into the neutral theory framework ([@bib18], [@bib19]).

Several models have been developed to assess the spatial distribution patterns of species richness and diversity. The Species Area Relationship Model (SAR) has been widely used to describe species richness distribution patterns ([@bib15], [@bib7], [@bib11]). However, SAR cannot be used to quantify the contributions of individual species to community species diversity. The Individual Species--Area Relationship model (ISAR) analyzes species richness and spatial patterns at the individual species level, and classifies species as accumulators, repellers, and neutral species ([@bib35]). The Broken Stick Model and the Overlapping Niche Model are based on niche theory ([@bib33], [@bib31]). The Zero-sum Multinomial Model is derived from neutral theory. Statistical distributions that have been applied to these models, including lognormal and negative binomial distribution, have verified species richness and abundance patterns.

In this study, we used the Beijing Songshan Nature Reserve as a model system to identify mechanisms that influence the maintenance of species richness and abundance in an undisturbed forest. For this purpose, we used five models (a Log-Normal Model, a Broken Stick Model, a Zipf Model, a Niche Preemption Model, and a Neutral Model) to test which ecological processes best explained diversity and abundance patterns at six spatial scales. These models may also provide feasible suggestions for forest management.

2. Materials and methods {#sec2}
========================

2.1. Study area {#sec2.1}
---------------

This research was carried out in a 40-ha undisturbed pine forest in the Songshan Nature Reserve in northern China. The average annual temperature of the region is 8.5 °C, with average daily temperatures ranging between 39 °C and −27.3 °C. The mean duration of annual sunshine, cumulative rainfall, and evaporation are 2836.3 h, 493 mm, and 1770 mm respectively. The highest elevation of the Songshan Nature Reserve is 2198.39 m. Songshan Nature Reserve is home to 713 vascular plant species, 300 of which are medicinal plants; and 216 species of vertebrates, including 158 bird species. The dominant tree species within the study forest are *Pinus tabuliformis Carrière, Fraxinus chinensis Roxb, Syinga reticulata var. Mandshurica, Quercus mongolica, Ulmus macrocarpa Hance* and *Juglans mandshurica.*

2.2. Data collection {#sec2.2}
--------------------

In 2014, the 40-ha (400 m × 1000 m) study forest was established and divided into 1000 continuous 20 m × 20 m plots. The number of individual standing trees ≥1 cm diameter at breast height (dbh) were physically counted and measured at a height of 1.3 m above ground level. We recorded the spatial locations (GPS coordinates) of each plot and measured dbh and height of all free-standing trees at least 1 cm in diameter.

2.3. Data analysis {#sec2.3}
------------------

### 2.3.1. ISAR model {#sec2.3.1}

We used an ISAR model to verify the effects of each individual species on species diversity at different spatial scales (0--50 m). ISAR is the expected number of species within a circular area of radius r around a randomly chosen individual of the target species *i*. The model is defined as:$$ISAR\left( r \right) = \sum\limits_{j = 1}^{N}\left\lbrack 1 - P_{ij}\left( 0,r \right) \right\rbrack$$where P~ij~ (0, *r*) is the probability that species *j* is not present within *r* meters around any individual of the target species *i* ([@bib35]). In order to quantify the significance of the effects of target species on species diversity, 95% confidence intervals were calculated by Complete Spatial Randomness (CSR). We used the null model to test the ISAR. When the empirically-determined ISAR(r) was larger than the second highest ISAR(r) of the 99 simulations of the null model at scale r, the species was regarded as a diversity accumulator (positive effect on species diversity) with an approximate significance level of 0.05. When the empirical ISAR(r) was smaller than the second smallest ISAR(r) of the 99 simulations at scale r, the species was classified as a diversity repeller (negative effect on species diversity) at scale *r*. Species were classified as neutral (no significant effect on species diversity) at scale r when the empirically-determined ISAR(r) was not outside of the null model range.

### 2.3.2. Species abundance sampling across spatial scales {#sec2.3.2}

In order to quantify the ecological processes influencing species abundance distribution patterns at different spatial scales, we sampled species abundance within six area dimensions (10 m × 10 m; 0.01 ha, 20 m × 20 m; 0.04 ha, 40 m × 40 m; 0.16 ha, 60 m × 60 m; 0.36 ha, 80 m × 80 m; 0.64 ha, and 100 m × 100 m; 1 ha) or spatial scales. For each spatial scale, 600 randomly selected replicate areas were assessed.

### 2.3.3. Species abundance distribution models {#sec2.3.3}

#### 2.3.3.1. Log-Normal Model {#sec2.3.3.1}

The Log-Normal Model (LNM), based on niche theory, was first proposed by [@bib27]. The model assumes that the logarithmic form of species abundance is normally distributed. The model is defined as:$$S_{(R)} = S_{0}e^{- {(\alpha^{2}R^{2})}}$$where S~(R)~ is the number of species within the Rth octave to the left and right of the symmetrical curve; S~0~ is the number of species within the modal abundance octave and 1/*a* is the distribution width ([@bib20]).

#### 2.3.3.2. Broken Stick Model {#sec2.3.3.2}

The Broken Stick Model (BSM) was first proposed by [@bib23]. The sampled area is compared with a stick of unit length, S-1 points are placed at random, where S is area. The stick is broken at each point and the lengths of the S resulting segments are proportional to the abundances of S species. Assuming all species within the community share close taxonomic statuses and possess similar competitive capacities, the expected abundance of the *i*th rarest species among S species and N individual trees are:$$N_{i} = \frac{N}{S}\sum\limits_{k = i}^{S}\frac{1}{k}\text{,}$$where *k* equals *i*. The model assumes that resource allocation among competitive species follows a one-dimensional gradient ([@bib28]).

#### 2.3.3.3. Zipf Model {#sec2.3.3.3}

The Zipf Model (ZM) was first introduced by [@bib6], who assumed that species occupancy is dependent on the environmental and physical conditions and the species present. Cost of living is much higher for late successional species than for pioneer species. The abundance of the *i*th species is:$$N_{i} = Nqi^{\gamma}\text{,}$$where N is the number of individual trees, q is the predicted relative abundance of the species with the highest frequency within the community, and γ is a constant representing the average probability of species occupancy ([@bib6]).

#### 2.3.3.4. Niche Preemption Model {#sec2.3.3.4}

The Niche Preemption Model (NPM) was proposed by [@bib25], who suggested that if *a* percent of the total niches is occupied by the most frequent species, then the second most frequent species occupies *a*(1−*a*) percent of the remaining niches. Accordingly, the niche occupied by *i*th species is *a*(1−*a*)^*i*−1^. The abundance of species is ranked according to the number of niches each species occupies. The expected abundance for the *i*th species is:$$N_{i} = N\alpha\left( {1 - \alpha} \right)^{i - 1}\text{,}$$where N is the total number of individual trees within the community ([@bib25]).

#### 2.3.3.5. Neutral Model {#sec2.3.3.5}

The Neutral Model (NM) was introduced by [@bib17]. Neutral theory makes the following two assumptions: (1) The total number of individual trees, regardless of species, within a specific community is constant; therefore, in a saturated community, an increase in number of individuals of one species will result, to some extent, in a decrease in number of individuals of another species. (2) Functional and physiological traits do not differ among species, such that neutral theory assumes all species have identical natality, mortality, immigration, and speciation rates. When these two assumptions are true, species abundance shows a zero-sum multinomial distribution. The probability distribution of species abundance follows the following equations:$$P\left\lbrack D \middle| \left( {\theta,J,m} \right) \right\rbrack = \frac{J!}{\prod_{i = J}^{S}n_{i}\prod_{j = 1}^{J}{\Phi_{j}!}}\frac{\theta^{S}}{\left( \theta \right)_{S}} \times \sum\limits_{A = S}^{J}\left( {K\left( {D,A} \right)\frac{\left( \theta \right)_{J}}{\left( \theta \right)_{A}}\frac{I^{A}}{\left( I \right)_{J}}} \right)$$$$I = \frac{m\left( {J - 1} \right)}{\left( {1 - m} \right)}$$$$A = \sum\limits_{i = 1}^{S}{a_{i} \leq J}$$$$K\left( {D,A} \right) = \sum\limits_{\{{a_{i},\ldots,a_{S}{|{\sum\limits_{i = 1}^{S}{a_{i} = A}}}}\}}{\prod\limits_{i = 1}^{S}\frac{\overline{S}\left( {n_{i},a_{i}} \right)\overline{S}\left( {a_{i},1} \right)}{\overline{S}}}$$where S is the total number of species, *n*~s~ is the abundance of the sth species, and D = (*n*1, *n*2, *n*3 ... *n*s) is the species abundance distribution. *θ* is an index representing the 'fundamental diversity'; the greater the magnitude of θ, the larger the number of species within a community. j is the total number of individual trees. Φ is the number of species with j individual trees. *i* is the number of individual trees that migrated into the local community. A is the number of individual trees of the parent generation and *a*~i~ is the number of individual trees of the parent generation of the *i*th species. K(D, A) is a multinomial coefficient. Expected species abundance was estimated as the mean of 600 simulations of neutral communities using the estimated *θ* and m predicted by a maximum likelihood estimation method and the total number of observed individual trees j ([@bib31]).

#### 2.3.3.6. Model evaluation {#sec2.3.3.6}

Akaike Information Criterion (AIC) values were used to test for significant differences between the expected and observed species abundance distribution patterns. We also compared AIC values for the different models to identify the optimum model. The best model has a ΔAIC of zero. All models with a ΔAIC value of less than two are equally valid. All calculations were carried out in R 3.2.3 using the package 'vegan' and the package 'untb' ([@bib10], [@bib26]).

3. Results {#sec3}
==========

3.1. Species richness patterns {#sec3.1}
------------------------------

The number of species detected was strongly influenced by the spatial scale. The number of species increased sharply when the area increased across small spatial scales; however, at larger spatial scales, the rate of increase in the number of species detected decreased when the scale increased ([Fig. 1](#fig1){ref-type="fig"}). Generally, when the spatial scale increased, the proportion of accumulators decreased and the proportion of neutral species and repellers increased. At small spatial scales (0--10 m), accumulators dominated forest communities. At large spatial scales (10--50 m), neutral species dominated, but repellers also accounted for a considerable proportion of forest communities. Accumulators and neutral species contributed to the majority of species diversity, but the relative importance of each species type was strongly influenced by spatial scale ([Fig. 2](#fig2){ref-type="fig"}).Fig. 1Individual species--area curves of the studied species (e.g. *Pinus*).Fig. 2Variation in contributions of accumulators, neutral species, and repellers to diversity across spatial scales. Red lines represent accumulators, blue lines represent repellers, and black lines represent neutral species.

3.2. Species abundance patterns {#sec3.2}
-------------------------------

The species abundance patterns within the 40-ha *Pinus* forest are presented in [Fig. 3](#fig3){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}. At the 10 m × 10 m, 20 m × 20 m, and 40 m × 40 m scales, all models had a good fit to the observed species abundance patterns. At the 60 m × 60 m scale, the expected species abundance distributions modeled by the BSM (*p* \< 0.01) and ZM (*p* \< 0.01) were significantly different from the observed species abundance based on the chi-square test. At the 80 m × 80 m and 100 m × 100 m scale, only the NPM and NM passed the Chi-square test. A comparison of AIC values showed that NPM was the best-fit model with the lowest AIC values (−29.06 and −31.21, respectively) at the 10 m × 10 m and 20 m × 20 m scales. NM was the best model at the remaining spatial scales (*AIC* = −33.04, −28.45, −29.10, and −29.37). For the neutral model, the fundamental diversity index (θ) was unimodal across all spatial scales and the immigration rate (m) decreased with increasing spatial scale.Fig. 3Observed and modeled species abundance distribution patterns based on six sampled spatial scales within the 40-ha undisturbed *Pinus* forest.Table 1Validity of fit test of five models and parameters of neutral model at six sampling scales.Sampling scale*θm*Testing methodBSMNPMLNMZMNM10 m × 10 m3.301.7 × 10^−1^AIC−18.21−29.06−11.89−18.68−20.4$\Delta\text{AIC}$6.2307.456.124.9720 m × 20 m3.223.8 × 10^−2^AIC−14.45−31.21−27.66−9.80−9.35$\Delta\text{AIC}$7.0104.568.529.3440 m × 40 m3.149.6 × 10^−3^AIC4.32−16.82−7.869.37−33.04$\Delta\text{AIC}$10.527.439.7812.34060 m × 60 m3.304.7 × 10^−3^AIC16.2−26.305.8919.65−28.45$\Delta\text{AIC}$9.872.356.7811.23080 m × 80 m3.582.9 × 10^−3^AIC20.70−23.409.3124.97−29.10$\Delta\text{AIC}$13.212.675.6215.420100 m × 100 m3.902.0 × 10^−3^AIC23.24−22.597.4327.03−29.37$\Delta\text{AIC}$12.326.348.7914.340[^1]

4. Discussion {#sec4}
=============

Biodiversity has been shown to exert significant positive effects on ecosystem productivity; therefore, understanding the mechanisms underlying biodiversity maintenance is critical to forest management. Increased forest productivity can effectively improve the efficiency of material circulation ([@bib22]). In this study, we fitted species richness and species abundance patterns with several models to identify the ecological processes involved in community construction as well as the relative contributions of these processes to the formation of species richness and abundance distribution patterns.

We found that accumulators and neutral species equally determined the local tree diversity within communities of an undistributed temperate *Pinus* forest. At small spatial scales (0--10 m), accumulators dominated forest communities. These findings support the niche theory, which proposes that species diversity is improved by variation in niche utilization among tree species ([@bib13]). Dominance of neutral species at larger spatial scales (10--50 m) supports the neutral theory, which proposes that community biodiversity construction is a result of neutral process ([@bib14]).

We compared fitted species abundance observations from our target forest to five species abundance models. All five models fit observations well at the two smallest sampling scales (10 m × 10 m and 20 m × 20 m), suggesting that both neutral and niche processes are important in structuring species abundance distribution patterns. We assumed density dependence would have a strong effect at small scales, resulting in competitive exclusion, and, consequently reduce interspecific density ([@bib30]). The community was affected by strong interspecific competition at small spatial scales. This type of competition improves species diversity by promoting niche differentiation ([@bib1]). At the intermediate (40 m × 40 m and 60 m × 60 m) and large (80 m × 80 m and 100 m × 100 m) spatial scales, neutral model clearly matched observations, which suggests that the importance of neutral processes increase with spatial scale, although the contributions of niche processes cannot be ignored.
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[^1]: BSM, NPM, LNM, ZM and NM stand for Nroken Stick Model, Niche Preemption Model, Log-Normal Model, Zipf Model, and Neutral Model, respectively. *θ* and *m* are the parameters of neutral theory model. AIC stands for Akaike Information Criterion. ΔAIC of subsequent models is calculated as ΔAIC0 - ΔAICi, were 0 is the AIC value of the first model, and i is the AIC value of the next models.
